is primarily associated with mutations within the highly conserved first heptad repeat (HR1) region of gp41. Viral env sequences, however, are remarkably variable, and the envelope genetic background could have an important impact on optimal expression of HR1 mutations. We have examined the genetic evolution of env sequences, ENF susceptibility, and Env replicative capacity in patients failing ENF treatment. Sequential plasma-derived virus populations, obtained from six patients initiating ENF treatment as part of a salvage therapy, were studied using a recombinant phenotypic assay evaluating the entire gp120 and the gp41 ectodomains. Regardless of major differences in the baseline ENF susceptibilities, viral populations with similar phenotypic ENF resistance (50% inhibitory concentration, >3,000 ng/ml) were selected under treatment in four of six patients. As expected, in all patients ENF-resistant viruses harbored one or more HR1 mutations (positions 36, 38, and 43). Interestingly, in five patients the emergence of resistance mutations was not associated with reduced Env replicative capacity. Phylogenetic analysis of env sequences in sequential samples from two patients showed that the HR1 mutations had emerged in the context of env quasi-species that were different from those prevalent at baseline. Thus, the envelope genetic context appears to play a critical role in the selection of HR1 mutations and the expression of ENF resistance, thereby conditioning the evolution of HIV-1 under fusion inhibitor selective pressure.
Considerable effort is currently being devoted to the development of antiviral agents able to prevent human immunodeficiency virus type 1 (HIV-1) entry into target cells. The HIV-1 entry process is mediated by the trimeric viral envelope glycoproteins (Env) exposed at the surface of the virion (45) . The HIV-1 entry is a multistep process (11, 14, 45) . The sequential interaction of the surface subunit, gp120, with CD4 and a chemokine receptor (CCR5 or CXCR4) exposed on the cell membrane triggers conformational changes in the ectodomain of the transmembrane subunit, gp41, which ultimately lead to fusion between the viral and host cell membranes. Like most of the retroviral transmembrane proteins, the ectodomain of gp41 contains an N-terminal fusion peptide followed by two heptad repeat domains (HR1 and HR2), which are connected by a non-helical loop region of 25 to 30 amino acids. Membrane fusion is currently thought to result from the insertion of the fusion peptide into the cellular membrane, and the formation of a six-helix bundle in which the central trimeric HR1 coiled-coil forms three hydrophobic grooves onto which three HR2 domains pack in reverse orientation (4, 5, 40, 43) .
Although several HIV-1 entry inhibitors have been evaluated in clinical trials and have shown promising prospects for therapy (1, 28) , the only entry inhibitor licensed to date is the fusion inhibitor enfuvirtide (ENF; also called T20), which has shown potent antiviral activity in patients, resulting in sustained viral load reduction when used in combination with an optimized background regimen of protease and/or reverse transcriptase inhibitors (21) (22) (23) . Similar to results with other antiviral agents, however, ENF-resistant HIV-1 variants may emerge under the selective pressure of ENF (26, 32, 39, 42) whenever the treatment fails to completely suppress viral replication in vivo. Understanding the determinants of, and the constraints to, the development of resistance to ENF is essential for the optimization of the clinical use of this new class of inhibitors.
ENF is a 36-amino-acid peptide derived from the sequence of HR2 (24, 44) . ENF binding to HR1 is thought to compete with the folding of the HR2 domain onto HR1, thus preventing Env-mediated membrane fusion (1, 5, 17) . Accordingly, viral variants selected both in vitro and in vivo in the presence of ENF carry resistance mutations in the HR1 domain (35, 42) . Mutations in HR2 have also been described in virus from treated patients and are thought to exert a compensatory role through reinforcement of the interaction between HR1 and HR2 in the context of a mutated HR1 (2, 25, 46) .
The molecular target of ENF, the HR1 domain, is highly conserved among HIV-1 isolates (10, 37) , and ENF resistance mutations are not seen in untreated patients. However, we along with others have shown that baseline susceptibility to ENF is quite variable among viruses from different patients (9, 20, 39) , and variations in domains of Env other than HR1 are thought to account for these differences in baseline susceptibility (8, 15, 34) . In particular, susceptibility to fusion inhibitors appears to be dependent on the affinity of gp120 for the coreceptors as well as on coreceptor density at the cell surface, both of which factors affect fusion kinetics (34) . A faster fusion process will reduce the length of time during which the ENF molecular target is exposed, thus reducing the virus sensitivity to this inhibitor (28, 30, 34) . We thus hypothesized that in patients failing ENF treatment, the biological properties of Env, and therefore the whole envelope genetic background, could influence the selection of ENF resistance mutations, thereby conditioning the emergence of ENF-resistant viruses.
In this study, we retrospectively evaluated the genotypic and phenotypic Env properties associated with the emergence of resistance to ENF in six patients who received the drug as part of a salvage regimen. Although baseline viruses differed in their susceptibility to ENF, viral resistance to ENF attained similar levels in four of the six patients, suggesting that a threshold level of resistance needs to be reached in vivo. Genotypically resistant variants were observed within weeks after starting ENF treatment, while phenotypic resistance, at the virus population level, developed with variable kinetics in different individuals. In contrast to viruses selected by protease and reverse transcriptase inhibitors, ENF-resistant viruses from five of these six patients did not show reduced replicative capacities, suggesting that the env quasi-species that emerged under ENF treatment provided a favorable genetic background for the expression of resistance mutations. Phylogenetic analysis of env sequences from plasma virus populations at sequential time points supported this hypothesis, since ENF resistance mutations emerged in viral quasi-species that were not dominant at baseline.
MATERIALS AND METHODS
Patients. The six patients included in this study had received ENF administered subcutaneously (90 mg twice daily) for at least 12 weeks (range, 12 to 50 weeks) in addition to a background antiretroviral regimen that included protease inhibitors and nucleoside and nonnucleoside reverse transcriptase inhibitors. All patients were clinically classified as category C with CD4 ϩ T-cell counts of Ͻ200 cells/l of blood at the beginning of treatment including ENF (3). Three of the six patients (patients 2, 4, and 5) underwent a treatment interruption prior to initiation of ENF treatment for 80, 35, and 12 weeks, respectively. Patients were monitored at the Hôpital Saint-Antoine (Paris, France). Sequential plasma samples were obtained before, during, and after treatment including ENF. Plasma HIV-1 viral load measurements were performed using the Amplicor HIV-1 monitor test (Roche Molecular Systems, Inc.), with a detection limit of 50 HIV-1 RNA copies/ml. CD4 ϩ T cells were quantified by flow cytometry analysis using a FACScan (BD Biosciences). The genotypes of protease and reverse transcriptase plasma HIV-1 RNA were determined as described in the PCR and sequencing procedures of the French Agence Nationale de Recherche sur le SIDA (ANRS; National Agency for AIDS Research) AC11 Resistance group (http: //www.hivfrenchresistance.org/).
Extraction and amplification of plasma viral RNA. Extraction and amplification of viral RNA by reverse transcriptase-PCR (RT-PCR) was carried out as previously described (20) . Briefly, RNA was extracted from frozen sequential plasma samples using the QIAmp viral RNA purification protocol (QIAGEN). The envelope gene was amplified by RT-PCR by using the following primers: E00, 5Ј-TAGAAAAGAGCAGAAGACAGTGGCAATGA-3Ј (nucleotides [nt] 6197 to 6224 of pNL4-3), and E01Ϫ, 5Ј-CCAGTCCCCCCTTTTCTTTTAAA A-3Ј (nt 9054 to 9078). An aliquot of the RT-PCR product was then used in a nested PCR with the following primers: E10, 5Ј-GTGGGTCACAGTCTATTA TGGGGT-3Ј (nt 6322 to 6345), and FuB, 5Ј-GGTGGTAGCTGAAGAGGCA CAGG-3Ј (nt 8500 to 8522). This approach allows the amplification of a 2,200-bp fragment that spans the gp120 and the extracellular domain of gp41. PCR products were verified by agarose gel electrophoresis and column purified (QIAGEN) prior to transfection and sequencing. To prevent sampling bias, three independent RT-PCRs were carried out for each plasma sample, and products were pooled together and used for phenotypic and genotypic analysis.
Cell lines. The human cell lines 293-T and U373MG-CD4 stably expressing either CCR5 and/or CXCR4 (19) were propagated in Dulbecco's modified Eagle's medium (Gibco) supplemented with 60 g/ml penicillin, 100 g/ml streptomycin, and 10% fetal calf serum. The U373MG-CD4 cell line expressing both CCR5 and CXCR4, here referred to as U373MG-dual, was obtained after transfection of the U373MG-CD4-CCR5 cell line with a CXCR4 expression vector also expressing blasticidin resistance. To obtain this cell line, the human CXCR4 cDNA from the previously described RcCMV (31) was cloned as a BamHI-NotI fragment in pcDNA6/V5-His (Invitrogen). Individual drug-resistant cell clones were screened for their sensitivity to infection with the HIV-1 NL4-3 strain, and a permissive clone was maintained in culture in the presence of 3 g of blasticidin per ml. CD4, CXCR4, and CCR5 expression levels at the cell surface of the target cells were regularly monitored. All the U373MG-CD4 cell line derivatives contain the Escherichia coli-galactosidase indicator gene (lacZ) under transcriptional control of the HIV-1 long terminal repeat, allowing the quantification of HIV-1 infectivity through a ␤-galactosidase activity.
Production of recombinant virus. We have developed and previously described a recombinant virus assay that permits the assessment of viral susceptibility to entry inhibitors (20) . Briefly, the pNL4-3 molecular clone was modified by deleting the region of the envelope gene encoding gp120 and the ectodomain of gp41 (positions 6480 to 8263) and replacing it with a linker that contains a unique MluI restriction site (vector 43-⌬env). Recombinant viruses were produced by cotransfection of 293-T cells with 8 g of MluI-linearized 43-⌬env vector and 0.8 g of the PCR product obtained from plasma virus samples, which encompasses the deleted region and carries short overlaps on each side of the deletion that allow homologous recombination. This procedure leads to the production of recombinant virus particles expressing the gp120 and gp41 ectodomain of patient origin and the cytoplasmic domain of gp41 from pNL4.3. Theoretically, the chimeric nature of gp41 could affect Env function to some extent. For example, a perturbation of Env fusogenicity and antibody binding has been documented for viruses in which the cytoplasmic domain of gp41 was artificially shortened (12, 13) . Replacement of the cytoplasmic domain, however, is expected to have a milder impact on Env functions than its truncation. On the other hand, the fact that the cytoplasmic tail of gp41 derives from NL4.3 guarantees the functional compatibility between Gag and Env in recombinant virus particles. Culture supernatants were collected 40 h after transfection and centrifuged for 10 min at 1,800 rpm to remove cell debris. HIV-1 p24 antigen production was quantified for each viral stock by enzyme-linked immunosorbent assay (Innogenetics/Ingen).
To verify that the recombinant virus populations produced by transfection of producer cells carried the same sets of mutations as the input RT-PCR product, we compared the sequence of the RT-PCR product used for transfection of producer cells to the sequence of proviral DNA obtained after infection of MT4R5 target cells. Target cells were infected using the spinoculation procedure to prevent the selective loss of poorly infectious variants from the recombinant virus population. The comparison was carried out on the ectodomain of gp41 for all time points of the follow-up of patients 1, 2, and 5 (for a total of 18 sequences, representing 3107 amino acid positions) (data not shown). In addition, the entire gp120 sequence from the follow-up of patient 1 was analyzed (seven sequences, corresponding to 3402 residues). Overall, the vast majority of the 6,509 residues analyzed here was identical between RT-PCR and proviral DNA samples. A total of 14 residues differed, representing a concordance rate of 99.78%.
Determination of recombinant virus susceptibility to ENF. U373MG-dual target cells were seeded into 96-well plates 2 days before infection at a density of 2,000 cells/well. Infection with 100 l of fresh viral suspension was carried out in triplicate, in the absence or the presence of increasing concentrations of ENF (from 5 to 15,000 ng/ml) (T20; American Peptide Company, Inc.). Forty hours after infection, cells were lysed using 100 l/well of lysis buffer (5 mM MgCl 2 and 0.1% NP-40 in 1ϫ phosphate-buffered saline [PBS]), and 100 l/well of chromogenic substrate (6 mM chlorophenol red-␤-D-galactopyranoside; CPRG [Roche]) in lysis buffer was added. The optical density (OD) was measured after 4 to 8 h of incubation at 37°C. The concentrations of ENF inhibiting 50% of virus infectivity (IC 50 values) were calculated by using the median-effect equation (6) .
Evaluation of the efficiency of viral envelope to mediate HIV-1 infection in the absence of ENF (Env replicative capacity). The U373MG-dual target cells seeded as previously described, were infected with serial dilutions of fresh viral supernatant normalized by p24 antigen content in the absence of ENF. For each virus input, ␤-galactosidase activity resulting from transactivation of the long terminal repeat-lacZ reporter cassette in target cells was measured as OD units. A linear regression was calculated for each virus by plotting the OD values as a function of the p24 virus input (data not shown). Different viruses were characterized by different slopes. For each patient, the virus from the latest time point available before the beginning of the ENF treatment was used as reference (and was attributed a replicative capacity of 100%). The Env replicative capacity of viruses obtained during and after treatment including ENF was expressed as percentage of the reference virus, by comparing the slopes of the corresponding linear regressions.
Sequencing and phylogenetic analysis of the gp41 ectodomain. For the six patients, 700 bp of the RT-PCR products derived from sequential plasma samples encoding the ectodomain of gp41 were sequenced by using the sense primer, designated ecto-primer: 5Ј-CCCGGCTGGTTTTGCGATT-3Ј (nt 6871 to 6889). For patients 1 and 2, the entire gp120 sequence of consecutive virus populations was determined. In addition, for phylogenetic analysis, the 2,200-bp RT-PCR products derived from the sequential plasma samples of patients 1 and 2 were TA-cloned into pCR2.1-TOPO (Invitrogen). To isolate clones, individual colonies were cultured in Luria-Bertani medium, and plasmid DNAs were purified by using a QIAprep Spin Miniprep kit (QIAGEN). For each time point, the genotype of 6 to 17 independent clones (with the exception of a pre-ENF therapy sample from patient 2) was determined by sequencing a 700-bp fragment of the envelope gene encoding the entire ectodomain of gp41 using the ecto-primer. Nucleotide sequences were aligned by the CLUSTAL W program (41) . Phylogenetic analysis was performed by using the DNA maximum-likelihood method in the Phylogeny Inference Package (PHYLIP, version 3.5); the gp41 ectodomain nucleotide sequences of the clones and unrooted trees were drawn by using TreeView (version 1.6.1) (29) . To test the probability that a resistance mutation would occur on one or more occasions, phylogenetic distances were estimated by the neighbor-joining method using the PAUP* 4.0 (Phylogenetic Analysis Using Parsimony and other methods) program (36) . The nucleotide position of the codons implicated in resistance mutation was weighted in order to consider that all genotypes with a given resistance mutation were constrained to be a monophyletic group. The constrained tree and the best estimated tree without constraints were compared by using the Kishino-Hasegawa test (16) . If the null hypothesis was rejected (P Ͻ 0.05), a double occurrence of the mutation was considered more likely.
Statistical analysis. Results of ENF resistance and Env replicative capacity are expressed as the mean Ϯ standard error of the mean. Viral populations obtained from each patient at different time points during resistance development were compared for their IC 50 values and their Env replicative capacity by using parametric one-way analysis of variance. Posttest comparisons were made using a Bonferroni posttest for selected time points.
Nucleotide accession numbers. The sequences reported in this paper have been deposited in the GenBank/EMBL/DDBJ databases under accession numbers DQ863719 to DQ863939. They correspond to sequences of gp41 ectodomain (patients 1 to 6) and gp120 (patients 1 and 2) of plasma virus populations over time, and to gp41 ectodomain nucleotide sequences of clones derived from patients 1 and 2.
RESULTS

Evolution of plasma viral load and CD4
؉ T-cell counts under treatment. To evaluate the virological response to treatment including ENF, viral load (VL) in plasma samples was monitored over time. In parallel, CD4
ϩ T-cell counts were measured. In the six patients, the median plasma VL before ENF treatment was 5.3 log 10 RNA copies/ml of plasma (range, 4.7 log 10 to 5.7 log 10 ). The median CD4 ϩ T-cell counts was of 14.5 cells/l (range, 4 to 29), and the genotype of the viral populations harbored a median of 5.5 (range, 5 to 7) resistance mutations to nucleoside reverse transcriptase inhibitors, 1.5 (range, 0 to 3) to nonnucleoside reverse transcriptase inhibitors, and 10 (range, 2 to 13) to protease inhibitors. On the basis of the genotype, the median number of drugs presumed to be effective in addition to ENF was 1.5 (range, 1 to 4) according to the French ANRS resistance algorithm (http://www .hivfrenchresistance.org/) (data not shown).
The evolution of plasma VL and CD4 ϩ T-cell counts was followed for up to 80 weeks ( Fig. 1 ). All participants exhibited a plasma HIV-1 load reduction after the beginning of the treatment including ENF, ranging from Ϫ0.47 to Ϫ3.67 log 10 RNA copies/ml (median, Ϫ1.65 log 10 ). For two of the six patients (patients 1 and 5), the reduction in plasma VL did not exceed 1 log 10 , leading to withdrawal of ENF from their therapeutic regimen at weeks 25 and 35, respectively. Three other patients had an initial decrease in VL, but this response was transient (from 1 to 4 weeks), and ENF treatment was interrupted after 24 to 38 weeks. Patient 3, who had a ⌬VL of Ϫ3.67 log 10 RNA copies/ml after 16 weeks of treatment including ENF and a rise in CD4 ϩ T cells from 4 to 146 cells/l, continued the ENF therapy, despite a transient viral rebound (at week 34). For the six patients, the level of plasma VL reduction did not correlate with the number of presumed effective molecules used in the regimen in addition to ENF (r ϭ 0.2390; P ϭ 0.7) and was not significantly different in patients who did or did not undergo a treatment interruption before the therapy including ENF (unpaired t test, P ϭ 0,1).
Baseline susceptibility to ENF. We along with others have previously shown that the level of susceptibility to ENF is quite variable in ENF-naïve patients (9, 20, 32, 39) . As a consequence, an understanding of the evolution of phenotypic ENF resistance requires the determination of pretherapy susceptibility to ENF. For each patient, the evaluation of the baseline ENF susceptibility of plasma virus populations was performed from one or two plasma samples obtained prior to ENF treatment by using a recombinant virus assay (20) .
The IC 50 values of viruses derived from the same patient sampled at an interval of 9 to 12 weeks before initiation of the ENF-based salvage treatment (patients 1, 2, and 3) showed little variation in ENF susceptibility (Ͻ1.3-fold) (Fig. 2) , suggesting that susceptibility to ENF was stable over time in the absence of ENF selection. However, baseline ENF IC 50 values were quite variable in different patients, ranging from 56 to 896 ng/ml. These IC 50 values were in the range of previously reported data for ENF-naïve patients, obtained either with recombinant assay systems or by using virus isolates recovered from cultures of peripheral blood mononuclear cells (9, 20, 32, 39) .
At baseline, none of the six viral populations carried any of the HR1 mutations located between amino acids 36 and 45 of the gp41 ectodomain that have been associated with ENF resistance (35, 39, 42) . All viruses showed the subtype B consensus sequence in this region, 36-GIVQQQNNLL-45, with the exception of the viral population of patient 2, which was characterized by a mixture of amino acids Q and H in position 39. A previous study showed that the substitution Q39H is a natural polymorphism shared by about 1 to 2% of HIV-1-infected patients and does not affect the susceptibility to ENF (27) .
Evolution of genotypic and phenotypic resistance to ENF during treatment. We analyzed and compared the number and position of ENF resistance mutations that emerged in the virus populations of treated patients (Tables 1 and 2 ) and their impact on the level of phenotypic resistance over time (Fig. 2) . For each time point, three independent RT-PCRs were performed and pooled together. The sequencing reactions and Env phenotypic analyses were conducted using the same pooled PCR products.
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Regardless of baseline ENF susceptibility, the ENF IC 50 values measured under ENF treatment reached a level of Ͼ3,000 ng/ml in four of six patients. This increase of ENF resistance could be reached either very rapidly after the beginning of the ENF treatment (patient 4) or progressively (patients 1, 3, and 5). The rapid development of ENF resistance was associated with the detection of one or two mutations in the HR1 domain of gp41 (Table 1) . For patient 4, the only substitution observed was G36D. This change, which was detected at the second week of ENF treatment, was maintained throughout treatment and was associated with a high level of resistance (IC 50 , 3,442 ng/ml). In contrast, in patients 3 and 5, the presence of a single substitution in position 36 of the HR1 domain of gp41 (G36V or G36D) 4 weeks after the beginning of the treatment was associated with a suboptimal level of ENF resistance (Ͻ500 ng/ml). Several weeks later however, additional HR1 mutations appeared in the virus populations of these two patients: V38A in patient 3 and N43D in patient 5, together with a marked increase in ENF IC 50 (greater than 3,000 ng/ml). In patient 1, a different evolution profile was observed. At 3 weeks after the start of ENF treatment, the prevalent resistance mutation was G36V, associated with a mixture of amino acids V and A in position 38. At weeks 10 and 22, the only persisting mutation was V38A. For these four patients, the change in resistance measured between baseline and time points during course of ENF treatment was statistically significant (P Ͻ 0.05 for patient 4; P Ͻ 0.0001 for patients 1, 3, and 5).
For patients 2 and 6, the increases in ENF resistance were modest, since IC 50 values remained lower than 1,500 ng/ml after 9 and 7 weeks of ENF treatment, respectively. The viral population derived from patient 6 at 1 week after the beginning of ENF treatment harbored a mixture of amino acids in position 38 of the HR1 domain and was not associated with an increase in ENF resistance. At weeks 3 and 7, the viral populations from this patient carried two mutations associated with ENF resistance, G36D and N43D, and were characterized by an IC 50 close to 1,500 ng/ml. A single plasma sample was available for patient 2 during the ENF treatment (week 9), for which the viral population, carrying mutations in two positions [G36D and N43(H/D)], was characterized by an IC 50 of about 1,000 ng/ml. Progressive loss of resistance mutations after interruption of ENF treatment. For three patients (1, 2 and 5), we analyzed the evolution of ENF resistance mutations and of phenotypic resistance in plasma viral populations up to 36 weeks after ENF interruption ( Fig. 2 and Table 1 ). For patient 1, ENF IC 50 values decreased significantly from 4,167 to 2,471 ng/ml (P Ͻ 0.01) 12 weeks after ENF interruption (week 37), while the viral population still harbored the V38A mutation. Strikingly at week 45, the IC 50 value was still relatively high (1,872 ng/ml), despite the loss of detection of the V38A mutation. For patient 2, the viral population present 1 week after the end of the ENF treatment was characterized by an ENF susceptibility comparable to that of the previous time point (IC 50 of Ͻ1,500 ng/ml) and harbored the mutations (G36D and N43D/H) present during ENF treatment. Nineteen and 36 weeks after the end of ENF treatment, the IC 50 values were 219 and 230 ng/ml, respectively, and the corresponding viral populations carried a wild-type genotype in the HR1 domain of gp41. For patient 5, a rapid decrease in ENF IC 50 (from 6,509 to 448 ng/ml) was observed 3 weeks after ENF interruption (P Ͻ 0.001). This decrease in ENF resistance occurred despite the persistence of mutations G36D and N43D, the latter as part of a mixture with wild type. Ten weeks later, only mutation G36D persisted, while the IC 50 did not notably change.
Evolution of Env replicative capacity before, during, and after treatment including ENF. The selection of drug resistance mutations in protease and reverse transcriptase is often accompanied by reductions in enzyme efficiency, resulting in decreased virus replicative capacity in the absence of inhibitor (7, 33) . To evaluate the impact of ENF resistance on HIV-1 replicative capacity, we measured the infectivity of viruses carrying patient-derived env sequences in a single-cycle assay (Env replicative capacity). Samples obtained before, during, and after ENF treatment were analyzed for each patient. Serial dilutions of recombinant virus-containing supernatants were used to infect U373MG-dual target cells in the absence of ENF. For each patient, Env replicative capacity was expressed as a percentage of the value measured for the corresponding pre-ENF therapy viral population (Fig. 3) . For patients 1, 2, and 3, the Env replicative capacity of samples obtained before ENF treatment appeared to be stable over time. The changes in Env replicative capacity during and after ENF treatment followed several distinct pathways in different patients. For three of the six patients (1, 3, and 5) for whom ENF resistance development was progressive, Env replicative capacity did not vary significantly over time (P ϭ 0.4, P ϭ 0.8, and P ϭ 0.1, respectively). For patient 2, Env replicative capacity decreased from 100% to 20% under ENF treatment (P Ͻ 0.001), increased after ENF interruption to reach about 200% at weeks 13 and 31 (P Ͻ 0.001), and finally went back to baseline level at week 48. For patients 4 and 6, Env replicative capacity significantly increased under ENF treatment. This increase was transient for patient 4, for whom Env replicative capacity returned to values equivalent to baseline level at weeks 22 and 30 (120% and 93%, respectively).
Phylogenetic analysis of viral env quasi-species. To study the evolution of envelope genotypes during viral escape to ENF treatment, we sequenced and analyzed the gp41 ectodomain from clones derived from patients 1 and 2 over time. These two patients were selected for this study because samples were available at two time points before ENF treatment and during and after treatment cessation, allowing a comprehensive analysis of genotypic changes. The bulk PCR products amplified from plasma samples were subcloned, and 6 to 17 independent clones were sequenced at each time point analyzed (with the exception of week Ϫ22 for patient 2, for which only two clones were analyzed). All the clones differed in their nucleotide sequence. Trees were constructed by using DNA maximum-likelihood method (Fig. 4) .
For patient 1, 3 weeks after the beginning of ENF treatment, viral variants carrying three different ENF resistance mutations were observed. The majority of the variants (8/11) harbored the G36V resistance mutation, one variant had the N43D mutation, and the two others had the V38A mutation. Viral pop- on October 1, 2017 by guest http://jvi.asm.org/ ulation at this time point was characterized by a suboptimal level of resistance (IC 50 of 1,853 ng/ml). All viral variants present at weeks 10 and 22 harbored the V38A mutation in the HR1 domain. The ENF IC 50 values for the virus populations at these time points were greater than to 4,000 ng/ml. The tree topology suggested that these variants were phylogenetically related to the two V38A-carrying variants, present at week 3. Accordingly, the Kishino-Hasegawa test was consistent with the interpretation that the resistance V38A mutation occurred on one occasion in a monophylogenetic group (P ϭ 0.3). At week 37, 12 weeks after the interruption of ENF treatment, most envelope sequences still carried the V38A mutation, sometimes in association with the N42D mutation. At week 45, all sequences carried a wild-type genotype between amino acids 36 to 45, with the notable exception of a variant that conserved the N42D mutation. The tree topology suggested that the envelope sequences present after the interruption of ENF treatment emerged both from pre-ENF treatment quasispecies and from the monophylogenetic group carrying the V38A mutation that appeared during ENF treatment. Thus, while most viruses did not express ENF resistance mutations, the populations represented a mixture of viral species similar to those present prior to the treatment and variants derived from the distinct population that had developed ENF resistance. For patient 2, at 9 weeks after the beginning of ENF treatment, a variety of variants expressing four different resistance genotypes were present: the N43D resistance mutation in the HR1 domain of gp41 in combination with the N42D mutation (2/16 clones), the N43D mutation alone (4 clones), the N43H mutation in combination with the G36D mutation (9 clones), and the N43H mutation associated with the V38A mutations (1 clone). At week 13, only 1 week after ENF had been stopped, all viruses continued to express resistance mutations, and two of the genotypes identified at week 9 were still present: 15 of the 16 variants sequenced harbored the N43D mutation (one of them in combination with the G36D mutation); the other variant carried the N43H substitution in association with the G36D mutation. Not surprisingly considering the topology of the tree, the Kishino-Hasegawa test did not support the conclusion that resistance mutations G36D and N43D had occurred on more than one occasion (P ϭ 0.4 and P ϭ 0.3, respectively). At weeks 31 and 48, all the env quasi-species harbored a wild-type genotype phylogenetically related to baseline sequences.
DISCUSSION
In this study we evaluated the development of resistance to ENF in six patients who harbored virus populations characterized by different baseline susceptibility to ENF and who received ENF as part of a salvage therapy regimen. By characterizing the evolution of genotypic and phenotypic ENF resistance and by measuring the effect of resistance on Env replicative capacity, several interesting patterns emerged. First, viruses carrying HR1 resistance mutations appeared rapidly in all patients, and the development of strong resistance did not appear to be influenced by the level of baseline resis- .........................................................................................  .....................................................s......................................  .....................................................S......................................  .....................................................S......................................  ..................................................L..s......................................  .....................................................S................................. 
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on October 1, 2017 by guest http://jvi.asm.org/ tance. Second, the extent that a given mutation in HR1 conferred resistance to ENF was found to be highly variable depending on the envelope sequence in which it developed. Third, the Env replicative capacity of viruses carrying resistance mutations that emerged during treatment was often equivalent or superior to that of viruses present prior to treatment. Moreover, in both patients for whom phylogenetic studies were performed, the viral populations carrying resistance mutations that emerged following treatment were not closely related to the population present prior to treatment. Taken together, these findings indicate that the genetic context in which ENF resistance mutations arise can influence in several distinct ways the likelihood that such mutants will emerge as a dominant population during treatment. Kinetics of the evolution of resistance. Resistance mutations were readily detected in all patients at the first time point analyzed following treatment, and several competing genotypes were identified in some patients. These findings show that ENF exerted a strong selective pressure and suggest that viruses carrying resistance mutations may have preexisted in minority env quasi-species in these patients. Once high-level resistance was attained (i.e., IC 50 of Ͼ3,000 ng/ml), no further .........................D...................................................................  37 . increases in the IC 50 values were generally observed, but this level of resistance could be attained either rapidly or progressively. Analysis of these initial time points showed that baseline susceptibility did not appear to influence either the level of phenotypic resistance achieved or the kinetics of the development of resistance. Thus, patients with high pretreatment susceptibility to ENF could develop high levels of resistance following treatment (e.g., patient 4) more quickly than patients with lower baseline susceptibility (e.g., patients 1 and 2). Our findings are consistent with preliminary data from clinical trials in which differences in the baseline susceptibility were found to have no significant impact on the virological response to a salvage treatment regimen in which ENF was included (38) .
These findings are not surprising in view of our observation that the envelopes of resistant variants that emerged from patients 1 and 2 were phylogenetically distinct from those present prior to treatment. In these two patients, the dominant baseline population, regardless of its susceptibility to ENF, did not provide the proper genetic background for optimal expression of HR1 resistance mutations. Therefore, its phenotypic resistance properties could not be predictive of the likelihood or kinetics of emergence of full ENF resistance. Similar to the kinetics of the emergence of resistance, the kinetics of the loss of phenotypic resistance following the interruption of ENF treatment was variable in different patients. For patients 1 and 5, who reached high-level resistance under ENF treatment, two consecutive samples obtained after withdrawal of ENF from the treatment regimen were analyzed. In patient 1, the decrease in the ENF resistance level was gradual, while in patient 5 ENF resistance was no longer detectable within 3 weeks of stopping ENF. Two independent, but nonexclusive phenomena may be responsible for this difference. On the one hand, the virus populations from these two patients had very different baseline ENF susceptibility levels (relatively high IC 50 for patient 1 and low IC 50 for patient 5). As a consequence, replacement of the resistant virus population by pre-ENF-therapy variants is expected to result in a more gradual reduction of IC 50 for patient 1 than for patient 5. On the other hand, highly resistant viral variants from patient 5 had a reduction in Env replicative capacity, in contrast to resistant variants harbored by patient 1. In this setting, ENF withdrawal may be expected to lead to a more rapid replacement of the unfit resistant virus population in patient 5 than in patient 1. Envelope context and ENF resistance. The envelope context in which HR1 mutations occurred had a strong impact on phenotypic resistance. Thus, mutations at position 36 that emerged in the initial plasma samples of patients 1, 4, and 5 were associated with moderate, very high, and negligible phenotypic resistance, respectively. Strikingly, patients 4 and 5 had similar baseline resistance levels, but the emergence of variants carrying the G36D mutation was associated with either high resistance (IC 50 of Ͼ3,000 ng/ml; patient 4) or only moderate resistance (IC 50 of 300 ng/ml; patient 5). Similarly, mutants carrying the V38A mutation were associated with a high level of ENF resistance in patients 1 and 3 but emerged only transiently in patient 6 and were associated with low ENF resistance. Previous studies have also reported data showing that the impact of HR1 mutations on the level of ENF resistance is context dependent (39, 46) , but the mechanism explaining this phenomena remains to be identified. It is noteworthy, however, that in cases where ENF resistance mutations produced only suboptimal resistance, Env replicative capacity was usually maintained, suggesting that the impact of resistance mutations on viral resistance and viral fitness was not tightly linked (see below). The identification of viral sequences that determine whether a given context is favorable or unfavorable for the expression of high resistance by ENF resistance mutations may prove to be a difficult task, given that multiple discontinuous envelope domains participate in the entry process and can modulate phenotypic resistance to ENF (8, 15, 34) .
Envelope context and Env replicative capacity. An important observation in our study was the finding that no significant reduction of Env replicative capacity was observed for resistant viruses that emerged in five of the six patients studied here, and indeed for two of these patients Env replicative capacity of resistant viruses was actually higher than that of viruses present prior to ENF treatment. This finding is in apparent contrast with conclusions from two previous studies, which reported that the introduction of ENF resistance mutations impairs Env replicative capacity. This discrepancy may be more apparent than real. Prior studies have examined the impact of ENF resistance mutations introduced by site-directed mutagenesis or in recombinant viruses in which only a portion of the ectodomain of gp41 was patient derived (25, 26) . In our study, Env replicative capacity was evaluated for recombinant viruses in which the entire gp120 and the extracellular domain of gp41 were patient derived, and resistance mutations emerged in vivo, allowing the selection of the most favorable combination of gp120 and gp41. Numerous studies have demonstrated that viral entry requires cooperative interactions between gp120 and gp41. Thus, these observations are consistent with the possibility that the impact of modifications in the sequence of HR1 is modulated by the sequence of the accompanying gp120 and imply that the context in which ENF resistance mutations occur can affect not only the level of resistance obtained but also viral replicative capacity. Accordingly, longitudinal analysis of env sequences from patients 1 and 2 (Tables 1 and 2) showed that ENF treatment resulted in the replacement of both gp41 and gp120 dominant sequences in the plasma virus population. In particular, for patient 1, the initial emergence of G36V in gp41 at week 3 was accompanied by the selection of a gp120 sequence characterized by a shorter V1 domain compared to baseline sequence (week Ϫ18), among other changes. Interestingly the same deletion in V1 was present in the plasma population at week Ϫ27, suggesting that under ENF selective pressure, resistance mutations emerged in a preexisting minority env context. This shorter V1 domain was present in the dominant gp120 sequence at all subsequent time points, including those after ENF withdrawal. The replacement of the dominant gp120 sequence may help explaining the residual ENF resistance observed at the latest time points after ENF interruption and reversion of HR1 resistance mutations. Similarly, for patient 2, a novel gp120 (and gp41) sequence characterized the first time point during ENF treatment. This sequence was present also after ENF interruption (week 31). In this case, the loss of HR1 mutations in the new env context may be responsible for the higher replicative capacity, compared to baseline, of post-ENF virus populations.
It may seem counter-intuitive that the in vitro Env replicative capacity of resistant viruses could be higher than that of the dominant virus population at baseline. It is important to emphasize, however, that in vivo the replicative capacity of viruses with different envelopes depends on numerous factors, including the affinity of the envelope glycoproteins for receptors, the efficiency of fusion, their tendency to induce cellular cytotoxicity, and their sensitivity to neutralizing antibodies. Current evidence suggests that improvements in one of these parameters may have a negative impact on others. For example, laboratory-adapted HIV strains generally have a higher Env replicative capacity measured in vitro than primary viral isolates but show increased sensitivity to neutralizing antibodies (18, 33) . In this context, the selection of Env complexes with more efficient entry process may participate to ENF resistance, either by reducing the time during which the ENF target sequence is exposed or by reducing the number of interactions between the viral and cellular proteins required to allow membrane fusion. Despite the good or even superior Env replicative capacity of resistant viruses, our findings indicate that the in vivo "fitness" of these viruses in the absence of drug was reduced compared to that of pretreatment viruses, because discontinuation of ENF led to the disappearance of ENF resistance mutations; in cases where resistant viruses were shown to belong to genetically distinct viral populations, these populations were progressively replaced by viruses more closely related to those present prior to therapy. Thus, maintenance or Overall our study shows that evolution of strong viral resistance to ENF appears to be constrained by the context in which HR1 resistance mutations appear for two reasons. First, the extent that mutations promote ENF resistance is variable in different contexts. Second, the Env replicative capacity of resistant viruses that emerge in vivo is usually as good as or even better than that of viruses present prior to treatment. Our findings suggest that the dominant envelope genotype at baseline, regardless of its innate sensitivity to ENF, may generally not provide an optimal context for the expression of resistance mutations. In this case, resistance appears in an apparently novel genetic context, likely to be present at baseline as part of minority viral populations.
